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1. INTRODUCTION 
 
1.1 DIELECTRIC BARRIER DISCHARGES 
 
A dielectric barrier discharge (DBD) is the electrical discharge between two 
electrodes separated by an insulating dielectric barrier. Originally called the 
silent discharge and also known as the ozone production discharge or partial 
discharge. It was first reported by Ernst Werner von Siemens in 1857.  This was 
achieved by subjecting a flow of oxygen or air to the influence of a dielectric 
barrier discharge (DBD) maintained in a narrow annular gap between two coaxial 
glass tubes by an alternating electric field of sufficient amplitude. The novel 
feature of this discharge apparatus was that the electrodes were positioned 
outside the discharge chamber and were not in contact with the plasma. Werner 
von Siemens considered his discharge configuration for the generation of ozone 
as one of his most important inventions. It is interesting to note that he never 
applied for a patent for this configuration, although he received many patents on 
other subjects. A few years after Siemens original publication, Andrews and Tait 
[1], in 1860, proposed the name ‘‘silent discharge,’’ which still is frequently used 
in the English, German, and French scientific literature (stille Entladung, 
discharge silent use). Ozone and nitrogen oxide formation in DBD’s became an 
important research issue for many decades [2, 3]. At the beginning of the 20th 
century Emil Warburg conducted extensive laboratory investigations on the 
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nature of the silent discharge [4, 5]. Becker [6, 7] in Germany and Otto [8], in 
France made important contributions to the design of industrial ozone generators 
utilizing DBDs. An important step in characterizing the discharge was made by 
the electrical engineer K. Buss [9], who found out that breakdown of atmospheric 
pressure air between planar parallel electrodes covered by dielectrics always 
occurs in a large number of tiny short lived current filaments. He obtained the 
first photographic traces (Lichtenberg figures) of these micro discharges and 
oscilloscope recordings of current and voltage. More information about the 
nature of these current filaments was collected by Klemenc [10], Suzuki [11, 12], 
Honda and Naito [13], and later by Gorbrecht [14] and by Bagirov [15] and 
coworkers. In 1943 T. C. Manley [16] proposed a method for determining the 
dissipated power in DBDs by using closed voltage charge Lissajous figures and 
derived an equation which became known as the power formula for ozonizers. 
Ozone formation in DBDs was further investigated by Briner and Susz [17] in 
Switzerland, by Philippov [18] and his group in Russia, by Devins [19] in the 
United States, by Lunt [20] in England and by Fuji [21] in Japan. More recent 
references can be found in the booklet ‘‘Physical Chemistry of the Barrier 
Discharge’’ by Samoilovich, Gibalov and Kozlov [22] and in a number of review 
papers and handbook articles [23, 24]. Until about ten years ago, ozone 
generation was the major industrial application of DBDs with thousands of 
installed ozone generating facilities used mainly in water treatment. For this 
reason the dielectric barrier discharge is sometimes also referred to as the 
‘‘ozonizer discharge’’. Occasionally, also the term corona discharge is used in 
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connection with DBDs, although most authors prefer to use this term only for 
discharges between bare metal electrodes without dielectric. Both discharge 
types have common features: the generation of ‘‘cold’’ non equilibrium plasmas 
at atmospheric pressure and the strong influence of the local field distortions 
caused by space charge accumulation. Extensive research activities employing 
modern diagnostic and modeling tools started around 1970. Originally aimed at a 
better understanding of the plasma physical and plasma chemical processes in 
ozonizers, these research efforts resulted not only in improved ozone generators, 
but also in a number of additional applications of dielectric barrier discharges: 
surface modification, plasma chemical vapor deposition, pollution control, 
excitation of CO2 lasers and excimer lamps and, most recently, in large area flat 
plasma display panels used in wall hung or ceiling attached television sets. These 
new applications of DBDs have reached market values substantially larger than 
the original ozone market. The annual market for plasma displays alone is 
expected to surpass US$10 billion by the year 2005. Typical planar DBD 
configurations are sketched in Fig. 1.1 Preferred materials for the dielectric 
barrier are glass or silica glass, in special cases also ceramic materials, and thin 
enamel or polymer layers. In some applications additional protective or 
functional coatings are applied. At very high frequencies the current limitation by 
the dielectric becomes less effective. For this reason DBDs are normally operated 
between line frequency and about 10 MHz. When the electric field in the 
discharge gap is high enough to cause breakdown, in most gases a large number 
of micro discharges are observed when the pressure is of the order of 0.1 Pa. This 
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is a preferred pressure range for ozone generation, excimer formation, as well as 
for flue gas treatment and pollution control. 
 
 
 
 
 
Fig. 1.1 Basic dielectric barrier discharge configurations 
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1.2 OZONE GENERATION 
 
The first ozone generation system was made by Siemens about hundred and 
fifty years ago. At present for the production of ozone mainly two types of 
atmospheric pressure electrical discharges called corona discharge and dielectric 
barrier discharge are used. Another type of the discharge, which can be used for 
this purpose, is multi needles to plate electrical discharge enhanced by the gas 
flow.  
The ozone is a toxic gas. Its odor is detectable by most people at a level of 
0.003 ppm and becomes intolerable at concentrations about 0.15 ppm. 
Overexposure to ozone causes problems of the human respiratory system, watery 
eyes, coughing, heavy chest and a stuffy nose. The ozone is an unstable gas, 
which begins to decompose instantly. Its half life ranges from a few seconds to 
several hours. However the half life decreases significantly in the presence of 
moisture, increased temperature and some metals copper, silver, iron. The ozone 
decomposes to oxygen after being used, so no harmful byproducts result. The 
ozone is a practically transparent gas with very strong absorption in the region of 
a wavelength of 245 nm. Namely this property of ozone protects life on Earth 
from dangerous ultraviolet radiation emitted by Sun. Ozone is a powerful 
disinfecting and oxidizing agent, and for this reason it is used in a wide range of 
applications such as treatment of municipal and waste water, food processing, 
fire restoration, restoration of buildings and other objects after floods, etc. When 
ozone comes into contact with organic compounds or bacteria, the extra atom of 
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oxygen destroys the contaminant by oxidation. Thus ozone will neutralize 
virtually all organic odors, specifically those containing carbons as their base 
element. This will include all bacteria as well as smoke, decay and cooking 
odors. However, due its oxidizing nature ozone attacks and degrades natural latex 
rubber, thus for example a laminate silica gel should be applied to car and freezer 
door moldings. 
The ozone is usually generated in one of three ways: 
Electrochemical generation in this case an electric current passes through the 
liquid electrolyte and produces a mixture of gases, containing ozone. 
Generation of ozone by ultraviolet rays (this process takes place in the upper 
layers of the atmosphere). Most of the ozone for practical applications is 
produced in non thermal plasma generated by electrical discharges [25]. 
The increasing demand for ozone makes it necessary to improve the capacity and 
efficiency of ozone generators. Ozone is used widely for sterilization and 
substituting oxidizing materials, and that, directly or indirectly, means hazardous 
pollution to the environment. A great advantage, besides simple low cost 
production, is that there is no side product in the application. 
For a long time different chemical materials have been used for sterilization. Due 
to a greater awareness of environmental protection, along with more and stricter 
regulations, the application of other sterilization technologies is needed. On the 
basis of the research results activities, the application of ozone makes it possible 
to solve the major problems. The development of ozone generators covers three 
different fields: power supply, electrode arrangement, the materials of the 
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dielectric and the electrodes. The power supply generation a high voltage for the 
electrode arrangement to induce an electric discharge [26]. 
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1.3 REACTION KINETICS OF OZONE FORMATION 
FROM OXYGEN AND FROM AIR 
 
The efficient ozone generation plays an important role from the standpoint of 
many applications, e.g. treatment of the drinking water, sterilization of medical 
instruments, restoration of buildings after fire and floods etc. The ozone for these 
applications is produced by electrical discharges. Main electrical discharge, 
which can be used for the above mentioned purposes, is a dielectric barrier 
discharge and a DC or AC corona discharge [80]. Ozone has little detrimental 
effect on the environment, as the natural decay product ozone is oxygen. It has 
the added advantage of less energy consumption than other alternatives, such as 
the chlorination process. Because of the hazards of storage, handling, and 
transportation due to its inherent instability, ozone is usually generated on the site 
of its application. Generally, ozone is generated with high voltage barrier 
discharge.  
The chemical reactivity of non thermal plasmas produced at atmospheric 
pressure in oxygen containing gaseous mixtures by electrical discharges is 
mainly based on oxidation processes. The specific oxidation properties 
principally lay on the generation, through direct electron impact with molecular 
oxygen, of short life primary species such as atomic oxygen O and excited 
molecular oxygen O2. For gas phase depolution purposes, these highly reactive 
species can directly react on target molecules (VOC, NO), or on the background 
gas (molecular oxygen) to form ozone. The two chemical pathways can be 
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considered as competitive, and according to the required reactor chemical 
behavior, one or the other should prevail. Moreover, ozone itself is widely used 
as an oxidizing agent for drinking water treatment but also for gas treatment 
(odor treatment) and consequently is considered as an efficient reactant for 
environment protection industry. However, at a laboratory scale and according to 
its strong temperature dependent formation / destruction kinetics, ozone 
monitoring can also be used as a diagnostic tool highlighting the electrical / 
chemical and thermal / chemical couplings phenomena [27]. 
The control of the plasma conditions inside the micro discharge columns is of 
eminent importance for optimizing the reaction kinetics of ozone formation [28–
45]. For a given feed gas composition and desired power density this can be 
achieved by adjusting the operating parameters pressure, and or gap width as 
well as the properties of the dielectric barrier, and the feeding circuit. The plasma 
conditions in the micro discharges have to be optimized for exciting and 
dissociating oxygen and nitrogen molecules. Initially, the major fraction of the 
energy gained by the electrons in the electric field is deposited in excited atomic 
and molecular states. Start from electron impact on ground state O2 molecules 
two reaction paths leading to dissociation. 
 
Mechanism of ozone generation 
There are several models of ozone generation mechanisms, which differ 
mainly by the number of reactions involved [46-48]. Generally speaking the 
mechanism of ozone generation by electrical discharge in air is rather 
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complicated, due to the presence of nitrogen in air. This presence of nitrogen 
causes ozone destruction processes because of the existence of nitrogen oxides. 
The role of the electrons produced in an electrical discharge is to excite and 
dissociate the oxygen and nitrogen molecules. The initial step in formation of O3 
and NOx is therefore the electron impact dissociation of molecular O2 and N2 
e+O2→O+O+e        (1) 
e+N2→+N+e        (2) 
Atomic nitrogen reacts with O2 and O3 to form NO by the reactions 
N+O2 →NO+O        (3) 
N+O3→NO+O2        (4) 
NO and NO2 form a cycle for ozone destruction by the reactions 
O+NO2→NO+O2        (5) 
NO+O3→NO2+O2        (6) 
NO2 is consumed by the following reactions 
NO2+O3→NO3+O2        (7) 
NO2+NO3→N2O5        (8) 
and regenerated by the reactions 
NO+NO3→NO2+NO2       (9) 
N2O5→NO2+NO3        (10) 
O+N2O5→NO2+NO2+O2       (11) 
The main ozone formation reaction dominant at high pressures is the reaction 
O+O2+M→O3+M        (12) 
An undesirable reaction, which determines the upper limit of O concentration, is 
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O+O+M→O2+M        (13) 
In the case of a discharge in air, M represents molecular oxygen or nitrogen. 
There are certainly other reactions that destroy ozone. 
One example of a catalytic reaction destroying ozone is 
NO2+O3→NO3+O2        (14) 
O+NO3→O2+NO2        (15) 
 
This model is very simple, because it does not include reactions involving 
excited species, other molecules and other ozone self-destruction reactions. The 
reaction rates of reactions (1-15) depend on various parameters, for example on 
electric parameters of discharge, temperature, etc. [49]. 
In air discharges the presence of the nitrogen ions N+, N+2, nitrogen atoms 
and excited atomic and molecular species add to the complexity of the reaction 
system [42–44, 50-56]. For the mixtures of 20 % oxygen and 80 % nitrogen, 
simulating dry air, and also in humid air the chemical changes due to a short 
discharge pulse were computed using fairly extended reaction schemes [50, 73]. 
In addition to ozone a variety of nitrogen oxide species are generated: NO, N2O, 
NO2, NO3, and N2O5, all of which have been detected by spectroscopic 
techniques [45, 53, 77] or by dynamic mass spectrometry [57].  
About half of the ozone formed in air discharges results from these indirect 
processes [42, 58]. As a result, ozone formation in air takes longer (about 100 µs) 
than in oxygen (about 10 µs), and a substantial fraction of the electron energy 
initially lost in collisions with nitrogen molecules can be recovered and utilized 
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through reactions for ozone generation. At a certain level of NO and NO2 
concentrations, which can easily be reached in ozone generators by reducing the 
air flow or by applying excessive power, ozone formation breaks down 
completely. This state is referred to as discharge poisoning, a phenomenon 
already observed by Andrews and Tait [1] in 1860. Under such conditions neither 
ozone nor N2O5 appears in the product gas. Instead, NO, NO2, and N2O are 
detected. This state is characterized by rapid NOx reactions, consuming oxygen 
atoms at a faster rate than the ozone formation. The result is an accelerated 
recombination of oxygen atoms, catalyzed by the presence of NO and NO2. 
Previously formed ozone is removed in a catalytic ozone destruction process also 
involving NO and NO2 [27]. According to Crutzen  and Johnston [59] similar 
reactions also influence the stratospheric ozone concentration. Reactions 
involving NO and NO2 are extremely fast so that relatively small NOx 
concentrations on the order of 0.1 % can seriously interfere with ozone 
formation. These effects can readily be demonstrated in ozone generators. If 
traces of NO or NO2 are added to the feed gas oxygen or air at the intake of an 
ozone generator ozone formation is inhibited. Elevated temperature in the 
discharge gap can be another reason for reduced ozone generation or complete 
absence of ozone at the exit. As Schultz and Wulf [60] demonstrated in 1940 an 
air fed ozonizer operated at the high temperature of 800°C produces mainly 
nitrogen oxides. 
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1.4 GAS PREPARATION 
 
What is better air or oxygen? 
One of the first questions one is often faced with in designing an ozone 
system is whether the application requires concentrated oxygen or simply clean, 
dry air. Ozone systems convert diatomic oxygen (O2) from the atmosphere to 
ozone (O3). Nearly 21 % of the air that we breathe is comprised of diatomic 
oxygen. Depending on the requirements of the application and the capabilities of 
the ozone system, the feed gas requirement may be met with clean, dry, 
compressed air. Applications demanding high levels of ozone require that higher 
concentrations of oxygen be supplied to the ozone generator through an oxygen 
concentrator or bottled oxygen. The answer to the air versus oxygen question will 
depend on the ozone demand requirements of the application, the ozone 
production capabilities of the ozone system and the project budget. Begin with an 
assessment of the ozone demand requirements and the specifications of the ozone 
generator you plan to use. Many factors impact the demand for dissolved ozone 
in an application. The characteristics of the source water the pH, temperature and 
concentrations of metals and organic materials strongly influence ozone stability. 
The aggregate effect of the source water characteristics yields instantaneous 
ozone demand the base level demand for dissolved ozone that must be overcome 
before the demand of the application for a residual level of dissolved ozone can 
be met. Applications with high instantaneous ozone demand and high ozone 
residual concentration or output requirements may necessitate feed gas of higher 
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oxygen concentration. Concentrated oxygen adds cost to the system, but that cost 
must be compared to that of switching to a more powerful ozone generator 
running on air [61]. 
 
How Clean or Dry it is? 
This maxim, coined in the early days of computing, can be applied to ozone 
systems as well. All ambient air contains moisture, particulates and other 
contaminants that can damage ozone generators. Whether your system uses air or 
concentrated oxygen, care must be taken to remove compressor oil, water and 
other contaminants from the feed gas. Dirty feed gas will ultimately reduce feed 
gas flow, damage the ozone reactor cell and reduce the effectiveness of the ozone 
system or shut it down entirely. Compressed air is typically collected in a feed air 
receiver tank, passed through a coalescing filter to collect and remove droplets of 
oil and water, a desiccant to remove water vapor and a particulate filter. Ozone 
generator manufacturers typically specify the operational requirements for the 
feed gas supplied to their systems. Moisture from atmospheric air condenses 
when the air is compressed and must be removed. The moisture content of the 
feed gas is specified by the dew point rating expressed in degree of temperature 
[61]. The dew point value is the temperature to which the air must be lowered to 
condense the small amount of water vapor remaining in the gas. Particulate 
filtration is expressed as the maximum particle size that the filter will pass in 
microns. Hydrocarbon contamination from compressor lubricants and the 
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operating environment is expressed as milligrams per cubic meter or parts per 
million.  
 
Oxygen Concentrators 
Oxygen concentrators remove nitrogen and residual water vapor by the 
cyclical processes of adsorbing and desorbing nitrogen on a synthetic molecular 
sieve material. Commercial oxygen concentrators sequentially pressurize and 
depressurize multiple beds of adsorbent to produce a continuous stream of 
concentrated diatomic oxygen (up to 95 % O2). Water vapor, having a larger 
molecular size than oxygen, is adsorbed and desorbed much like nitrogen and is 
not passed to the ozone generator. As a result, oxygen concentrators can tolerate 
a higher level of water vapor in the input air. The air quality requirements for 
oxygen concentrators can typically be relaxed to 3ºC dew point. Continuously 
supplying poor quality feed gas to an oxygen concentrator can contaminate the 
adsorbent, decreasing the oxygen output of the concentrator and the ozone output 
from the ozone generator. Oil droplets and hydrocarbon vapor can foul the 
adsorbent layer, blocking the binding of nitrogen during the pressurization cycle 
of the concentrator. Excess water vapor is adsorbed during pressurization and 
exceeds the amount that can be desorbed during the depressurization cycle. Over 
time, the adsorbent layer becomes increasingly saturated with excess water vapor 
and the oxygen output of the concentrator decreases. 
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 Pressure and Flow Rate 
Two other air prep parameters that must be considered are the feed gas flow 
rate and feed gas pressure. The performance specifications of the feed gas system 
for these parameters must match those of the ozone generator. Inadequate feed 
gas flow rate and pressure will rob the generator of oxygen and reduce total 
ozone output. The next installments of this series will discuss ozone generation 
and mass transfer [61]. 
Ozone generators are normally operated with dried clean air or dry oxygen. In 
both cases the dew point should be kept below - 60°C. This limits the water 
vapor content to a few ppm. Humidity in the feed gas has two adverse effects on 
ozone generation. It increases the surface conductivity of the dielectric resulting 
in stronger micro discharges. Through the formation of OH and HO2 radicals it 
also interferes with the ozone formation reactions by introducing additional 
catalytic ozone destruction mechanisms. In the presence of OH radicals NO and 
NO2 molecules are rapidly converted to HNO2 and HNO3, respectively. Negative 
effects on the ozone formation efficiency are also observed when traces of H2 or 
hydrocarbons are present in the feed gas. Both impurities have an adverse 
influence on ozone generation [63-66]. Most large ozone generators use pure 
oxygen or oxygen blended with about 1 % nitrogen as a feed gas. The presence 
of nitrogen has a pronounced beneficial effect on ozone generation. Especially at 
high specific energies, traces of nitrogen increase the ozone production efficiency 
and the attainable ozone concentration compared to the values obtained in pure 
oxygen [67]. 
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1.5 PREVIOUSLY RESEARCHES OF ROTATING TYPE 
ELECTRODE  
 
Many scientists have tried to increase the ozone production efficiency and the 
ozone has been applied to improve the human environment such as keeping 
higher quality of water and air. The important parameters such as the dielectric 
constant, its thickness, gap distance and surface condition of electrode influence 
on the efficiency of ozone production. Other parameters such as the 
configuration of electrodes, the applied voltage waveform and the cooling system 
for the discharge region so on also have been studied. A different way for 
increasing ozone concentration using the rotating electrode was studied. A few 
researches used rotation electrode during his experiments.  
 
Dr. T. Cieplak carried out the experiments using a reactor with rotation type 
electrode and published some papers, ones is  “Analysis of the process of ozone 
generation and micro channel intensity distribution by the discharge analysis 
method” The main feature of silent discharge is that the presence of dielectrics 
leads to the formation of a large number of micro discharges. Ozone is mostly 
generated in the micro discharge; however the other micro channel also 
decomposes it. After O3 formation, the region of ozone concentration has the 
same geometrical distribution as the atomic oxygen concentration that is the 
micro discharge volume of about r = 100 µm radius. From that region, ozone 
diffuses to the background. 
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The diffusion coefficient of O3 in O2 equals D ≈ 0.2 cm2·s–1. Applying 
electrode rotation we can speed up the slowest, third phase of the ozone 
generation process ozone diffusion into background. In order to take advantage 
of the whole discharge area, the micro discharges should be as far as possible 
uniformly distributed. He presumes that with the electrode rotation he can 
influence the discharge, bringing it into a more homogeneous form.  
His ozonizer system (Fig. 1.2) consists of an enclosed chamber (later referred 
to as housing), electrodes, dielectrics and connecting elements. In the presented 
setup, electrode cooling systems as well as gas cooling systems were not used. 
Each of the above mentioned systems was enclosed using the polyacrylate 
housing. The housing can be separated into two parts, each one with a diameter 
of 150 mm and the thickness of about 50 mm. The parts of the housing were 
connected by eight holding down bolts. The electrode system was placed inside 
the ozonizer body. This system can be partitioned into two electrodes and one 
dielectrics layer. In the presented part of the research, a glass plate with the 
thickness of 0.75 mm and the diameter of 80 mm covers the grounded electrode. 
The upper, high voltage electrode was also used as a part of the gas supply 
subsystem. In this electrodes configuration, the discharge activity area equals to 
1.94 × 103 mm2. The synthesis gas was brought into the ozonizer centrally 
through the electrode and four pipes located outside the electrode carried out the 
product. The research into the parameters of the ozonizer with the rotating 
electrode required variable discharge gap spacing. The construction of the high 
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voltage electrode made this possible. The variation in gap spacing ranges from 
0.5 mm to 3 mm [74]. 
 
 
 
Fig. 1.2 The main ozonizer diagram 
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The next paper “Investigations on the Rotating Electrode Effect on the Ozone 
Generation Process in a Plate Ozonizer” Dr. T. Cieplak  presented.  
In previous research on the rotating electrode effect on the ozone generation 
process, clear discharge images were absent. The construction of the investigated 
ozonizer setup made the taking of desired pictures using classical methods 
extremely difficult. The currently used method of discharge photography and its 
resulting computer analysis provides a partial explanation of the phenomena 
which occur during electrode rotation. 
In order to efficiently use the entire discharge area, the micro discharges 
should be uniformly distributed as much as possible. Any distortion of micro-
discharge distribution in the discharge volume results in either a local increase in 
gas temperature, resulting in the higher ozone decomposition, or a low intensity 
of micro discharge distribution, causing the in efficient utilization of discharge 
space. 
Fundamental research on the rotating ozonizer has determined that electrode 
rotation does not have any influence on the absolute value of the average 
discharge current. However, this research demonstrated that electrode rotation 
influenced the characteristics of the discharge current.  
The particular setup shown in Fig. 1.2 was prepared in order to obtain more 
information regarding discharges during ozone generation in the rotating 
electrode ozonizer system. This system was based on the Lichtenberg discharge 
photographic method. In the present setup, photographic paper replaces a 
photographic plate. Figure shows how the paper was connected to the ozonizer 
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body. The first case of paper placement allowed the investigation of the influence 
of the electrode rotation on the discharge conditions. The second case of paper 
placement, when the paper was placed directly on the dielectric surface, helped us 
to understand the conditions of gas flow. The paper was sensitive to visible white 
light, which permitted us to register the light emitted by excited particles of gas 
[75]. 
 
 
Fig. 1.3 Scheme of the discharge photography method 
 
He found that the paper sensitivity was lower compared to the photographic 
plate. The time of paper exposure was longer and ranged from 0.5 – 2.0 s and 
mainly depended on the kind of gas. The clearest photographs were obtained 
when the exposure time was about 2.0 s and 0.5 s in oxygen and air, respectively. 
The exposure time difference indicated that the light emitted by nitrogen was 
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several times more intense than that emitted by oxygen. Due to the sensitivity of 
the paper, the results of analysis would by obscured without the help of 
professional computational software. 
Because of the large number of analyzed photographs, the conventional methods 
of evaluation hardly permitted the areas with a similar light intensity to be 
distinguished; therefore, the developed pictures were scanned by a computer. 
As a result, a number of colored graphs of scanned pictures were obtained. 
However, in this paper, these graphs are presented as black and white figures (see 
examples in Figs. 1.4 and 1.5). 
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In Figs. 1.4 and 1.5 the collection of black points represents the areas with no 
discharge. The gray scale changes from gray to white, corresponding to areas 
containing the low (gray) to the very high (white) intensity of discharge. 
Comparing the images of discharge obtained under similar conditions (the 
electrode rotational speed was the only variable), some differences between them 
Fig.1.4 Discharge photo and its analysis; Gas gap: 0.5 mm; gas: oxygen; gas 
flow: 1.5 l/min; applied voltage: 9.0 kV; electrode rotating speed: 0 rpm 
 
Fig.1.5 Discharge photo and its analysis; Gas gap: 0.5 mm; gas: oxygen; gas 
flow: 1.5 l/min; applied voltage: 9.0 kV; electrode rotating speed: 1200 rpm 
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were observed. In the case of the rotating electrode, almost the entire electrode 
area (the electrode’s outer edge is shown as a light circle) was covered by a 
discharge. In some areas without electrode rotation, the discharge was weak or 
absent. The filling of the electrode area by discharges was closely related to 
rotational speed. The homogeneity of the discharges increased with the higher 
rotational speed. In the case of the non rotating electrode, the area of discharge 
was smaller than that of the rotating electrode. Comparing both cases (rotating 
and no rotating), it can be concluded that with electrode rotation, the discharge 
volume was utilized more effectively. 
The final result of the high discharge uniformity with electrode rotation (Fig. 
1.4) was the higher concentration of produced ozone, with a constant discharge 
power and caused the rise in the ozone generation efficiency. The effect of 
electrode rotation was closely related to the discharge gap spacing.  For the 
smaller gas gaps (0.5 mm) the rise in the ozone generation efficiency was higher 
than that for the wider discharge gaps. This phenomenon could be accounted for 
the higher possibility of the discharge volume cooling in the narrow gas gaps and 
consequently, the lower ozone decomposition in these spaces.  
 With the increase of the discharge energy ration, the ozone efficiency reached 
a maximum at DERopt (DERopt is the maximum value of the discharge energy ratio 
where an increase in the ozone-generation efficiency can be observed), while at 
higher discharge energy ratios than DERopt, the ozone productivity decreased. 
Using this graph, the positive effect of the electrode rotation is clearly illustrated. 
The rotating electrode with the rotating speed of 1200 rpm achieved the ozone 
 25 
efficiency growth nearly 15 % higher compared to the ozonizer with a non 
rotating electrode [75].  
 
The next researcher professor T. Horinouchi presented paper about rotating 
system “Development of a new type ozonizer with rotating electrode”. 
 
Professor T. Horinouchi proposed a new type ozonizer using silent discharge. 
His construction is described and experimental results presented. The grounded 
36 pieces of tungsten wires are fixed parallel to the rotation axis on the rotating 
cylinder surface. Two dielectric high voltage electrode shaped thin plates are 
attached on the casing of ozonizer 1 mm apart from the rotating cylinder surface. 
The speed of the rotating electrode was varied from 0 to 1200 rpm by a variable 
speed motor. Obtained ozone concentration and ozone generation efficiency 
increased than the case of which the electrode does not rotate. The maximum 
generation efficiency was estimated to be 61 g/kWh at 800 rpm, and this value 
was twice as large as the case of no rotation. A new type ozonizer was introduced 
using silent discharge generated between the fixed electrodes covered with thin 
ceramic sheet and the cylindrical rotating electrode. High voltage was applied to 
the fixed dielectric electrodes and the rotating electrodes are grounded. Electric 
current and discharge power are enhanced by the rotation of cylinder electrode, 
which was driven by a variable speed motor. Furthermore, ozone concentration 
and yield are also increased in each applied voltage. The micro discharge 
appeared in the gap was observed by static photographs and oscilloscope. The 
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maximum ozone generation efficiency was obtained by the value of 61 g/kWh at 
800 rpm. The structure of electrode unit is shown in Fig. 1.6 The rotating 
cylinder 1 is made of acrylic resin. The grounded 36 pieces of tungsten wires 1 
are fixed parallel to the rotating axis of the cylinder on the surface of the rotating 
cylinder 1. The diameter of the wire is 0.5 mm. The chamber 2 is made of acrylic 
resin. The diameter of the chamber is 12 cm and its length is 25 cm. The 
dielectric electrodes made of alumina ceramic plate 3 fixed on the conductor 4 
are high voltage electrodes and they are located on the inside of the chamber. The 
length of the dielectric electrode is 21.5 cm and the width is 8 cm. The length of 
the gap 7 between the rotating electrode and the fixed electrode is 1 mm [76]. 
 
 
Fig. 1.6 Structure of electrode 
 
In the rotation speed from 0 to 400 rpm, discharge spots appeared on the rotating 
electrode in the front view of the photograph and the glow like column was found in 
the side views of the photographs. In the case of the rotation speed of 400 rpm, the 
glow like discharge separated into two parts. In this case, many pulses are observed 
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in the current waveform. On the contrast, at rotation speed from 600 to 800 rpm, the 
discharge column spread over the gap.  
Furthermore, the case of 800 rpm, he can observe many intensive and fine 
discharge channels in the front view of the photograph. From the results, he 
considers that the micro discharge gives the increase of ozone concentration without 
the increase of the discharge power. The maximum ozone concentration was 
obtained at about 800 rpm. This 800 rpm was the optimum condition for the ozone 
production in this ozonizer. The pulse components of current waveform appear 
frequently on the oscillogram and the pattern of discharge light shows almost dense 
and uniform in the gap space. If the rotation speed was over 1000 rpm, the discharge 
light in the discharge gap becomes weak and the micro discharge disappears. 
Namely when the rotation speed becomes fast, it was assumed that the micro 
discharge can not maintain in the gap. At 1000 rpm, the pulse components of current 
waveform decrease on the oscilloscope and the discharge light change more weakly. 
Discharge power and the ozone concentration became the maximum about 600 rpm 
and 800 rpm, respectively. It is important to note both maxima did not show at the 
same rotation speed. At first, the discharge power reaches the maximum at 600 rpm. 
After that the value decreases with the increasing of the rotation speed, but the ozone 
concentration increased and reached the maximum at 800 rpm. Owing 600 ~ 800 
rpm, the micro discharge is found in the photograph and current waveform. So we 
consider that the micro discharge is the main cause to give the peak of ozone 
concentration at 800 rpm. 
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Fig. 1.9 shows the relationship between the rotation speed and the discharge 
power. The discharge power has maximum about 600 rpm in each applied 
voltage. When the rotation speed was over more than 600 rpm, the discharge 
power decreased monotonically. 
Fig. 1.10 shows the variation of ozone concentration and the ozone yield 
depended to rotation speed. The ozone concentration rapidly increases by the 
increasing of the rotation speed up to 800 rpm. When the rotation speed is more 
than 800 rpm, the ozone concentration is decreased. 8.7 g/m3 can obtain as the 
maximum ozone concentration. The maximum ozone yield of 0.79 g/h at 8 kV is 
estimated, as supposing that the loss of ozone from the chamber to the ozone 
monitor is not considered. 
Fig. 1.7 Relation of discharge power vs. 
rotation speed 
Fig. 1.8 Relation of ozone yield and 
its concentration vs. rotation speed 
 29 
 
 
 
 
The obtained results are shown as follows.  
(1) Discharge power, ozone concentration and ozone generation efficiency are 
improved by using the rotating electrode.  
(2) Under the same applied voltage, discharge power and ozone concentration 
has the maximum at 600 rpm and 800 rpm, respectively.  
(3) The rotation of electrode gives the enhancement of discharge current, 
discharge power, ozone concentration and ozone generation efficiency. 
(4) The rotation effect includes two mechanisms: 
i ) pulsing current component increases up to 600 rpm. 
ii) the stable micro discharge is observed in 600 ~ 800 rpm. 
Fig. 1.9 Relation of ozone concentration and 
discharge power vs. rotation speed 
 
Fig. 1.10 Relation of ozone generation 
efficiency vs. rotation speed 
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(5) The rotation effect disappeared over the 800 rpm, and discharge current, 
power, ozone concentration and ozone generation efficiency decrease 
monotonically. 
(6) The optimum condition of ozone production is 800 rpm [76]. 
 
Previous reported papers described only the changing of ozone concentration 
with the experimental parameters. The important question is why the operation 
with rotating type electrode increases the ozone concentration. What phenomena 
decide the increasing of the ozone concentration? My reactor is different 
construction compare with previous presented. Rod rotating electrode was used; 
dielectric barrier covered by a mesh electrode and water cooling system was 
added. New things achievements (thesis) and construction my reactor will be 
described in next chapters. 
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1.6 NEW ACHIEVED THINGS (THIS THESIS) 
 
Thesis 1 
I have established discharge canals must be change during rotation. I am 
trying finding answer why ozone concentration increases during experiments 
with rotation electrodes. I took photography with and without rotation and 
according Lissajous figures I calculated input power. On the other hand, not only 
the discharge canals became longest (it was observed it the photographs) but 
discharge area was more homogenous.  
 
Thesis 2 
Seconds step was investigate about the ozone generation during experiments 
with difference materials rotation electrode. During the experiments three types 
rotation electrode: (brass, copper and coaled gold) was used. This experiment 
shows difference ozone concentration during same procedure. Very important 
parameter during ozone generation is the condition of surface electrode and 
nitrogen density on it. 
 
Thesis 3 
I have established I can keep highest ozone concentration longest time. 
During long time operation of ozonizer with a rotating type electrode, during 
these experiments many phenomena were observed. The first one was gradually 
decreasing the ozone concentration it seemed due to the increasing temperature 
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and decreasing density nitrogen in the absorb layer electrode. The nitrogen 
consumption was different with and without rotation. Demand of nitrogen 
increased with increasing rotation speed. Next one was ozone zero phenomena, if 
nitrogen density decreased dramatically the ozone generation was stopped. This 
experiment shown what supply same input power was different ozone 
concentration observed, zero ozone generation and 15g/m3 in mixing gas.  
 
Thesis 4 
The last phenomena were decreasing onset voltage and increasing capacity 
during rotation. This experimental result shows that the rotation of electrode 
decreases the discharge onset voltage. We observed also this phenomenon using 
different gas flow rote. The discharge current was measured by the current pick 
up coil to confirm the start of discharge. Capacity reactor was calculated and 
increased about 50 % at 600 rpm compare no rotation.   
 
Thesis 5 
The last phenomena witch was observed is increasing onset voltage during 
decreasing nitrogen density on the surface electrode. During long time operation 
I observed every week onset voltage increased about 100 V.  The voltage and 
current was measured by the current pick up coil to confirm the start of 
discharge. 
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1.7 SUMMARY  
 
Industrial applications of dielectric barrier discharges have come a long way 
and, more recently, have substantially increased their market penetration. No 
doubt, this trend will continue. Several reasons can be given for this renaissance 
of an in principle rather old gas discharge. Obviously, our understanding of the 
fundamental processes determining discharge initiation and the ensuing plasma 
chemical reactions has profited from modern modeling and diagnostic tools. An 
important aspect is the availability of reliable cross sections on electron collisions 
in various gases and of recommended values for rate coefficients of various 
transient species. The development and cost reduction of modern power 
electronics and the engineering skills of matching power supplies to DBD 
properties were of equal importance. Miniaturization of electrode structures and 
discharge cells and finding affordable large throughput manufacturing 
technologies resulted in an explosive growth of novel applications in display 
devices. Clearly these recent achievements will open roads to additional new 
applications. Micro structured DBDs can be used for large area plasma electrodes 
or as a laboratory on the microchip for diagnostic purposes [68] Further progress 
is expected from using ultra short pulses [69-72], dielectrics with special 
properties and from a better understanding of the surface discharges which 
represent an integral aspect of all dielectric barrier discharges [73]. 
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CHAPTER 2: OZONE GENERATION 
CHARACTERISTICS OF OZONIZER WITH 
ROTATING TYPE ELECTRODE 
 
2.1 INTRODUCTION 
 
In this chapter, I described the first steps of my researches, the characteristics 
of the dielectric barrier discharge (DBD) type ozonizer using a rotating type of 
electrode. I tried to study about the phenomena during the rotation. Many 
scientists have tried to increase the ozone production efficiency and the ozone 
has been applied to improve the human environment, such as keeping higher 
quality of water and air.  
The important parameters such as the dielectric constant, its thickness, gap 
distance and surface condition of electrode influences on the efficiency of ozone 
production. Other parameters such as the configuration of electrodes, the applied 
voltage waveform and the cooling system for the discharge region so on also 
have been studied. A different way for increasing ozone concentration using the 
rotating electrode was studied. The important question is why the operation with 
the rotating electrode increases the ozone concentration. What phenomena decide 
the increasing of the ozone concentration? During experiments the discharge area 
and discharge length of canal were changed. The speed of the rotating electrode 
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was varied from 0 to 800 rpm by a variable speed motor. Both the obtained 
ozone concentration and the ozone production efficiency with the rotating 
electrode increased comparing with the case of no rotating electrode.  
 
2.2 MEASUREMENT EQUIPMENTS AND PROCEDURES 
 
An experimental set-up consisting of a discharge reactor and electrical circuit 
is shown in Fig.2.1. The inner rotating electrode was made from brass and the 
high voltage was applied on it. The speed of the rotating electrode was varied 
from 0 to 800 rpm by a variable speed motor. The electric motors BLDC 58 is a 
variable speed 24 VDC brushless motor with an integrated drive electronics 
providing up to 50 watts continuous output power and the variable speed is 
proportional to a 0 - 5V DC control signal and the operating speed changes from 
100 to 3000 rpm. The dielectric barrier covered by a mesh electrode was glass 
tube and its thickness was 1.2 mm. The outer mesh electrode made from copper 
wires with a diameter of 0.1 mm was grounded. The size of the copper mesh 
electrode was 0.2 mm square. The 99.5 % oxygen gas regulated by the digital 
mass flow controller was fed and the gas flow rate was in the range from 0.5 
l/min to 2 l/min. Both the applied voltage and its frequency were set to be 9 - 10 
kV and about 12 kHz. Figure 2.2 shows a schematic diagram of our ozonizer.  
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Fig.2.1 Experimental set up 
 
The discharge gap distance was 1.1 mm and the discharge length along the 
reactor was 100 mm. Figure 2.3 shows the rotating electrode. During the 
experiments the gas temperature at the outlet of the ozonizer was measured. The 
measured data was saved every day in a computer by software T-100. All 
experiments were carried out at atmospheric pressure in oxygen at around room 
temperature (15 ~ 35 ºC). The current and voltage signals were processed by a 
digitizing oscilloscope Tektronix TDS 520A (2 channels, 500 MHz, 500 MS/s) 
and the voltage at the reactor was measured by a high voltage probe Tektronix 
P6015A. The ozone concentration was measured by the Ozone Monitor (EBARA 
JITSUGYO CO., Ltd: Type EG2001, measured range 0 - 10000 [ppm] or 0- 200 
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[g/Nm3]. Although the cooling system is very important because the temperature 
increase decomposes the produced ozone, our experiments were carried out using 
no cooling system since the ozone concentration was measured during a short 
period time. The use of no cooling system during our experiment was also 
applied because I wanted to observe how temperature was changing with rotation 
and time.  
 
 
Fig. 2.2 Schematic diagram of ozonizer with an inner rotating electrode 
 
Fig. 2.3 The inner rotating electrode made by copper: (unit: mm) 
10 
. 
. 
 
Temperature  
 
. . 
. 
. . 
. 
Discharge gap 
O2 
O3 
Mesh electrode 
Dielectric 
Cooling system 
Rotating electrode 
  HV 
100 
 38 
2.3 ROTATING EFFECT DURING DISCHARGE 
 
The ozone concentration was improved with the case of rotation. During the 
experiments the increasing of the input power with the rotating speed was 
observed. The discharge area became bigger and the ozone concentration 
increased in spite of the temperature increasing from 21 ºC to 32 ºC when the 
rotating speed was changed from 0 rpm to 800 rpm. The temperature increased 
faster from 24 ºC to 32 ºC during the experiments in 3 minutes operated at  
800 rpm. During the increasing of the rotation speed, the light emission became 
more intensive because the discharge canals changed the position faster as shown 
in Figs. 2.12 (a) and (b). The change of the ozone concentration (g/Nm3) is 
shown in Fig. 2.7 when the rotating speed and gas flow rate are changed. In this 
case, the applied voltage was set to be 10 kV (peak – to – peak). Although the 
ozone concentration with no rotation was about 17 g/Nm3, (i.e. 8000 ppm) at  
1 l/min, but when the rotating speed was increased to 200 rpm, the difference of 
ozone concentration was improved about 7 g/Nm3 (i.e. 3300 ppm) more 
compared with no rotation (total ozone concentration was more than  
24 g/Nm3(11300 ppm) at 200 rpm). The rotating speed increased more up to 800 
rpm, the difference of ozone concentrations increased up to 12 g/Nm3 (5600 
ppm) compare to no rotation, the ozone concentration was about 1.8 times larger. 
In Figure 2.4 the ozone concentration of 1 g/Nm3 equals to 467 ppm in oxygen.    
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Fig. 2.4 Ozone concentration vs. rotating speed at oxygen flow rate of 1 /min 
 
At the next experiment the oxygen flow rate was changed from 1.0 l/min to  
1.5 l/min. The results are shown in Figure 2.5. Other parameters except flow rate 
were same.  
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Fig. 2.5 Ozone concentration vs. rotating speed (oxygen flow rate 1.5 /min) 
 
The ozone concentration with no rotation was about 16 g/Nm3 (7500 ppm) at 
1.5 l/min. When I used the rotating speed of 200 rpm, the ozone concentration 
was improved more than 5 g/Nm3 (2300 ppm, totally 9800 ppm). At the next 
rotation speed (800 rpm) the ozone concentration increased up to 7.5 g/Nm3, 
(3500 ppm, totally 11000 ppm). To compare with no rotating it was ~ 1.5 times 
larger. In the last experiment gas flow rate 2 l/min was used as shown in Fig. 2.6. 
The ozone concentration without rotation was about 13 g/Nm3, (6000 ppm). With 
rotating speed of 200 rpm the difference of ozone concentration increased up to ~ 
1.78 times lager and totally (9300 ppm) compared with the basic level (at 0 rpm). 
While when the rotating speed of 800 rpm was used the ozone concentration was 
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improved about 3.5 g/Nm3 (1600 ppm, totally 10900 ppm). When the oxygen gas 
flow rate was changed to 2 l/min and the rotating speed was 800 rpm, the 
temperature of outlet gas didn’t increase more 24ºC to 32ºC compared with other 
experiment. 
 
 
Fig. 2.6 Ozone concentration vs. rotating speed at the oxygen flow rate of 2 l/min 
 
 
 
 
 
 
 
Time (min) 
800 rpm 
200 rpm 
0 rpm 
 
0
5
10
15
20
25
30
0 1 2 3 4 5
800 rpm 
200 rpm 
0 rpm 
O
zo
n
e 
co
n
ce
n
tr
at
io
n
 
(g/
N
m
3 ) 
 42 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.7 Relationship between the ozone concentration, gas flow rate and rotating 
speed in oxygen at the applied voltage of 10 kV (peak-to-peak) 
 
At lower gas flow rate, I observed quickly decreasing of the ozone concentration. 
Figure 2.7 shows the relation between the ozone concentration, gas flow rate and 
rotation speed.  
 
When the rotating speed rises, the input power increases with rotating speed 
as shown in Fig. 2.10. The rise of the rotating speed changes the input power 
which increases with rotating speed. Figs. 2.8 (a), (b), (c) and (d) show the 
relationship between the rotating speed and the discharge power with Lissajous. 
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During this experiment the gas flow rate was 0.5 l/min and the applied voltage 
was constant to be 10 kV (peak – to – peak). The Fig. 2.8 (a) shows the Lissajous 
figure without rotation. According to the Lissajous figure area I can estimate the 
input power to be 4.59 W (0 rpm), 5.5 W (200 rpm), 6.56 W (600 rpm) and 6.73 
W (800 rpm) respectively. The increase of about 20 % at the rotating speed of 
200 rpm and about 47 % increase at 800 rpm were confirmed. 
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Fig.2.8 (a) Horizontal: 2 kV/div, vertical: 5×10-3µC/div, 
 applied voltage: 10 kV at 0 rpm (4.59W) 
Fig. 2.8 (b) Horizontal: 2 kV/div, vertical: 5×10-3µC/div, 
 applied voltage: 10 kV at 200rpm (5.5W) 
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Fig. 2.8 (d) Horizontal: 2 kV/div, vertical: 5×10-3µC/div,  
applied voltage: 10 kV at 800 rpm (6.73W) 
Fig. 2.8 (c) Horizontal: 2 kV/div, vertical: 5×10-3µC/div, 
 applied voltage: 10 kV at 600 rpm (6.56W) 
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Discharge gap voltage V* changed from 3.5 kV (without rotation speed) to 3.7 
kV (800 rpm) via 3.6 kV (200 rpm) and 3.65 kV (600 rpm).  
 
 
 
Fig. 2.9 Applied voltage 10 kV, oxygen flow 1 l/min. Ch1: 2 kV/div (for 
voltage),  
Ch2: 500 mV/div (for current) 
 
Fig. 2.9 shows the observed waveforms at 10 kV (peak-to-peak), 12 kHz and  
1 l/min oxygen flow. These waveforms were made without rotating speed. 
During the rise of rotation speed the micro-discharge pulses become more 
intensive and these phenomena were observed on the Lissajous figures too. 
 47 
0
1
2
3
4
5
6
7
8
0 100 200 300 400 500 600 700 800
rpm
In
pu
t p
ow
er
 
(W
)…
.
 
 
 
Fig. 2.10 shows the input power as a function the rotating speed of inner 
electrode at the oxygen gas flow rate of 1 l/min. During the experiments, I 
observed visually the discharge area and canal how they are changed with the 
rotating speed. Generally in the case of no rotation the discharge canals are 
straight (i.e. perpendicular to the electrodes) and their length is the same of the 
discharge gap distance. These phenomena are shown drawing in Fig. 2.11 in 
which the discharge canal with rotating electrode is also included. In the next 
time I changed the mesh copper electrode to spring wire electrode (wire diameter 
of 1.6 mm and pitch of 5 mm) I also changed gas supply from oxygen to nitrogen 
Fig. 2.10 Input power vs. rotating speed at initial voltage of 10 kV in oxygen 
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to observe the discharge optically. When I changed our electrode and the gas 
supply I could observe and took nice (clear) photographs for single discharge 
canal. The discharge length of canals observed visually becomes longer with the 
rotating speed. These circumstances are shown in Figs. 2.12 (a) and (b). I made 
new simple model reactor with some rotation electrode. Fig. 2.13 is shows it.  
 
 
 
 
It was found that both the input power and discharge area became large 
because the discharge canals became long due to the rotation of electrode. The 
discharge canal looks like arc. Both the Figs. 2.12 (a) and (b) show the different 
situation of discharge (i.e. difference length of canals) between without rotation 
and with rotation (200 rpm). Figure 2.12 (a) shows the discharge canal without 
Discharge canal 0 rpm 
Rotating electrode Mesh electrode 
Discharge canal  
with rotating speed 
Dielectric 
Fig. 2.11 Cross section of the reactor and discharge canals with (white) and 
without (black) rotation 
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rotation. The canal was straight and this length was same as gap distance of  
1.1 mm. The discharge canal became longer with rotation as shows in Fig. 2.12 
(b) at rotating speed of 200 rpm. Discharge canal became longer about 10 %. 
When faster rotation speed than 200 rpm was used the discharge canals changed 
so fast and it couldn’t take clear photographs using standard camera.  
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Fig. 2.12 (a) Discharge canal without rotation (unit: mm) 
Fig. 2.12 (b) Discharge canal with rotation at 200 rpm (unit: mm) 
1.1 
1.1 
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Fig. 2.13 Simple model reactor 
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The relationship between maintained voltage and rotation speed is shown in Fig. 
2.14 
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On the other hand, the discharge area became more intensive and the ozone 
concentration increased with rotation (rotating speed was 200 rpm). During the 
experiments, the discharge density and ozone concentration grew up. When the 
discharge canals became the longest length during the rotation, it will be possible 
to generate more collisions and more ozone concentration that will also be 
expected to lead higher efficiency of ozone generation.  
Figure 2.15 shows the relation between discharge power and oxygen gas flow 
rate and from those experimental results the ozone generation efficiency was 
calculated.  
Fig. 2.14 Maintained voltage vs. rotation speed in oxygen at 10kV 
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Rotation speed dependence on the ozone generation efficiency is shown in Fig. 
2.16. The maximum ozone generation efficiency 54.6 g/kWh was obtained at the 
rotating speed of 200 rpm and gas flow rate of 1 l/min. The efficiency increased 
about 30 % when the rotating speed was used.  
Fig.2.15 The ozone concentration vs. input power (W) 
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2.4 SUMMARY   
 
An ozonizer using a rotating electrode was used to improve the ozone production 
characteristics. The ozone concentration increased up to maximum about two 
times larger compared with the case of no rotation. The input power increased 
with the rotating speed and discharge area grew up too. Both the obtained ozone 
concentration and the ozone production efficiency with rotating electrode more 
improved compared with the case of no rotating electrode. One of the reasons 
came from the increase of discharge length of canals during the rotation of 
electrode. The produced ozone increased with the rotating electrode speed and 
the efficiency of ozone production was improved about 30 % with rotation. In 
Fig. 2.16 Ozone generation efficiency vs. rotating speed for different gas flow rate 
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case of rotating electrode used for the ozonizer difference phenomena such as the 
increasing of discharge area was observed compared with no rotation. 
In future, to understand mentioned above the physical meaning or explanations 
of these processes are required to get more information about discharge. 
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CHAPTER 3: IMPROVING THE OZONE 
GENERATION USING AN OZONIZER WITH 
THE ROTATING TYPE ELECTRODE 
 
3.1 INTRODUCTION 
 
Everyone who has studied the ozone generation wants to improve the ozone 
generation effectiveness. Many scientist tried to find difference way, I studied in 
this chapter about the effect of different material for the inner rotating electrode. 
Was used three materials: copper, brass   and gold coated electrode. The ozone is 
very strong oxidation gas and during experiments the electrode surface condition 
is changing with the operation time. I observed the decreasing onset voltage 
during the operation of rotating electrode. The speed of the rotating electrode was 
varied from 0 to 800 rpm by a variable speed motor.  
 
3.2 MEASUREMENT EQUIPMENTS AND PROCEDURES  
 
An experimental set-up which includes a discharge reactor and the electrical 
circuit is shown in Fig.3.1. The rotating electrode was made from brass and the 
high voltage was applied on it. The speed of the rotating electrode was varied 
from 0 to 800 rpm by a variable speed motor. The electric motors BLDC 58 is a 
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variable speed 24 V DC brushless motor with integrated drive electronics 
providing up to 50 watts continuous output power and variable speed is 
proportional to a 0 - 5V DC control signal and operating speed changes from 100 
to 3000 rpm. The dielectric barrier covered by a mesh electrode was glass tube 
and its thickness was 1.2 mm. The outer mesh electrode made from copper wires 
with diameter of 0.1 mm was grounded. The size of the copper mesh electrode 
was 0.2 mm square. The 99.5 % oxygen gas regulated by the digital mass flow 
controller was fed and the gas flow rate was in the range from 0.5 l/min to  
2 l/min. Both the applied voltage and its frequency were set to be 9 - 10 kV and 
about 12 kHz.  
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Fig.3.1 Experimental set up 
 
The discharge gap distance was 1.1 mm and the discharge length along the 
reactor was 100 mm. The gas temperature at the outlet of the ozonizer was 
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measured during the experiments and the measured data was saved every day in a 
computer. All experiments were carried out at atmospheric pressure in oxygen at 
around room temperature (15 ~ 35 ºC). The current and voltage signals were 
processed by a digitizing oscilloscope Tektronix TDS 520A (2 channels,  
500 MHz, 500 MS/s) and the voltage applied to the reactor was measured by a 
high voltage probe Tektronix P6015A. The ozone concentration was measured 
by the Ozone Monitor (EBARA JITSUGYO CO., Ltd: Type EG - 500, measured 
range 0 - 100 [g/Nm3]. The cooling system is very important because the increase 
of temperature decomposes the produced ozone. 
 
 
3.3 DIFFERENT MATERIALS OF THE ROTATING 
ELECTRODE 
 
The ozone concentration was improved with the case of electrode rotation. 
During the experiments we observed the increasing of the input power with the 
rotating speed. The discharge area became larger and the ozone concentration 
increased in spite of increasing of the temperature when the rotating speed was 
changed from 0 rpm to 800 rpm. The temperature increased faster from 17˚C to 
23˚C during the experiments operated at 800 rpm. While the rotating speed is 
increasing, the light emission became more intensive because the discharge 
canals changed the position faster. We can see the influence of rotating speed and 
different materials of electrode on the ozone concentration (g/Nm3) as shown in 
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Fig. 3.2 In this case, the applied voltage was set to be 10 kV (peak – to – peak). 
During the experiments the ozone concentration without rotation was about  
17 g/Nm3 at 1 l/min when brass rotating electrode was used. With same 
parameters the ozone concentration with copper rotating electrode was 18 g/Nm3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The highest ozone concentration without rotation measured during experiments 
with coated gold rotating electrode was about 19 g/Nm3. When rotating speed 
was 200 rpm the ozone concentration was improved about 14 g/Nm3 (6500 ppm) 
more compared with no rotation (by copper electrode) and 12 g/Nm3 (by brass 
electrode). The coated gold rotating electrode worked to be the best compared 
10
15
20
25
30
35
40
45
50
0 200 400 600 800
Rotating speed (rpm)
O
zo
n
e 
Co
n
ce
n
tr
at
io
n
 
(g/
N
m
3)…
…
.
.
 
.
 
Fig. 3.2 Ozone concentration vs. rotating speed  
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with others, i.e. the ozone concentration increase was 20 g/Nm3. While rotating 
speed was increased to 600 rpm, the ozone concentration increased up to  
3 g/Nm3 (1400 ppm) compared with 200 rpm (by coated gold or brass electrode) 
and only 1 g/Nm3 by copper electrode. During the experiments at 800 rpm the 
ozone concentration was about 45 g/Nm3 (21000 ppm by coated gold electrode) it 
was about 2.4 times larger compared with no rotation. The ozone concentration 
increased about twice compared with no rotation (by brass electrode) and was 2.2 
times lager when copper rotating electrode was used.  The coated gold rotating 
electrode best worked because the surface of electrode was kept same condition, 
but others electrodes were oxidized during experiments and the condition of the 
surface was changed. 
On the other hand, the discharge emission became more intensive and the 
ozone concentration increased with rotation (rotating speed is 200 rpm). During 
the experiments, the discharge emission and ozone concentration grew up. When 
the discharge canals became longest during the rotation, it will be possible to 
generate more collisions and more ozone concentration which will also be 
expected to lead higher efficiency of ozone generation.  
The inner rotating electrode was made from brass, copper and gold and the high 
voltage was applied on it. The speed of the rotating electrode was varied from 0 
to 800 rpm by a variable speed motor.  
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Fig. 3.3 Ozone concentration vs. time (without rotation) 
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Fig. 3.4 Ozone concentration vs. time at rotating speed of 200 rpm 
0
5
10
15
20
25
30
35
40
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45 0,5
Time (H)
Co
n
ce
n
tra
tio
n
 
O
3 
(g/
N
m
3)
Gold
Copper
Brass
 
O
zo
n
e 
co
n
ce
n
tr
at
io
n
 
(g/
N
m
3 ) 
O
zo
n
e 
co
n
ce
n
tr
at
io
n
 
(g/
N
m
3 ) 
 62 
 
Without rotation Fig. 3.3 the ozone concentration was about 25 g/Nm3 when 
brass electrode was used. Next the copper electrode was used and the highest 
ozone concentration was level of about 35 g/Nm3 was obtained but the surface 
condition changed very fast and the ozone concentration decreased quickly too. 
The gold coated electrode worked best. The ozone concentration was the highest 
level and was kept almost on the same level. Figure 3.4 shows the ozone 
concentration during the rotating speed of 200 rpm and the ozone concentration 
with brass electrode was improved more 10 g/Nm3 and it was about 1.4 times 
lager compared with the ozone concentration obtained with copper electrode. The 
gold coaled electrode keeps same ozone concentration with time and it increases 
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Fig. 3.5 Ozone concentration vs. time at rotating speed of 800 rpm 
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more about 8 g/Nm3 compared with no rotation. While when the rotating speed 
of 800 rpm was used the ozone concentration was improved more about  
22 g/Nm3 with brass electrode as shown in Figure 3.5, 12 g/Nm3 (copper 
electrode) and about 20 g/Nm3 gold coaled rotating electrode. The surface 
condition of the gold coated electrode was not changed during the experiments. 
Decreasing of the ozone concentration with time at 800 rpm it seemed that the 
increasing of temperature occurred by the increase of the input power with 
rotation speed 
 
 
3.4 DECREASING ONSET VOLTAGE 
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Figure 3.6 shows other different phenomena during the rotation mode. In this 
case, the oxygen flow was 0.5 l/min and the applied voltage of 9 kV (peak – to – 
peak) and the frequency of about 12 kHz were used. Without rotation we can’t 
observe the discharge and the ozone concentration was zero. When the rotating 
speed was increased up to 200 rpm the discharge current was observed and the 
ozone concentration of about 7 g/Nm3 was measured. This experimental result 
shows that the rotation of electrode decreases the discharge onset voltage and the 
discharge starts at the lower voltage. This phenomenon we observed also using 
difference gas flow rote. Unfortunately we don’t have good idea to explain about 
this phenomenon yet although the discharge current is measured by the current 
pick up coil to confirm the start of discharge. In the future we will try to discuss 
about it.  
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Fig.3.7 (a) Voltage and current waveforms. Applied voltage: 9kV (peak-to-peak) 
at 0 rpm, oxygen flow rate is 0.5 l/min,  horizontal: t = 10µs/div, vertical:   
2 kV/div for V and 10-3 µC/div for I 
 
 66 
 
 
Fig.3.7 (b) Voltage and current waveforms. Applied voltage: 9kV (peak-to-peak) 
at 200 rpm, horizontal: t = 10µs/div, vertical: 2 kV/div for V and 10-3 µC/div for I 
 
 
3.5 SUMMARY 
 
The gold coated rotating inner electrode worked better compared with other 
electrodes. The ozone concentration was kept all time at relatively same level. 
The surface condition was not changed during the experiments. Gold coated 
rotating electrode is very resistive for the oxidation. The rotation of electrode 
decreased the discharge onset voltage and the discharge starts at the lower 
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voltage. According to these experiments, both the material of the electrode and 
the surface condition are very important parameters for the ozone generation.  
The next experimental step was about the long time operation and the demand 
effect of nitrogen in the ozonizer with a rotating type electrode and these results 
are described in the next chapter 4. 
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CHAPTER 4: LONG TIME OPERATION OF 
OZONIZER WITH A ROTATING TYPE 
ELECTRODE 
 
4.1 INTRODUCTION 
Long time operation of ozonizer with a rotating type electrode and nitrogen 
demand effect was described. Nobody has reported the run experiments of the 
long time operation ozonizer with the rotating type electrode.  
A working ozonizer with electrode rotation shows a different character 
compared with no rotation. Discharge canal isn’t some position during the 
experiment and the discharge speeds to the whole surface of electrodes during 
the ozone production. The gold coated copper was used as a inner rotating 
electrode to eliminate the surface oxidation effect. During experiments the 
discharge area and discharge length of canal were changed. Difference demands 
of nitrogen with and without rotation are shown in this chapter. The change of 
the ozone concentration with time became unstable during the long time 
operation. The surface condition of the electrode including the nitrogen on the 
absorbed layer of the surface influences not only. We observed the ozone zero 
phenomena and it would be due to the dramatically decreasing of nitrogen on the 
surface in the case, the input power was same but the ozone concentration 
decreased to zero. Other phenomena are such as capacity increasing presented in 
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this chapter of the reactor with the rotation speed. The average capacitance of the 
reactor increased about 50 % compared with that of no rotation. The second 
described phenomenon is decreasing of the onset voltage during rotation. The 
experiments were carried out for eight hours each day. 
 
 
4.2 MEASUREMENT EQUIPMENTS AND PROCEDURES 
 
An experimental set-up consisting of a discharge reactor and electrical circuit 
is shown in Fig.4.1. The inner rotating electrode was coated with gold and the 
high voltage was applied on it.  
The speed of the rotating electrode was varied from 0 to 800 rpm by a 
variable speed motor. The electric motors BLDC 58 is a variable speed 24 VDC 
brushless motor with integrated drive electronics providing up to 50 watts 
continuous output power and variable speed with is proportional to a 0 - 5V DC 
control signal and operating speed changes from 100 to 3000 rpm. The dielectric 
barrier covered by a mesh electrode was glass tube and its thickness was 1.2 mm. 
The outer mesh electrode made from copper wires with diameter of 0.1 mm was 
grounded. The size of the copper mesh electrode was 0.2 mm square. The 99.5 % 
oxygen gas regulated by the digital mass flow controller was fed and the gas flow 
rate was in the range from 0.5 l/min to 2 l/min. Both the applied voltage and its 
frequency were set to be 9-10 kV (peak – to – peak) and about 12 kHz.   
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Fig. 4.1 Experimental set up 
 
The discharge gap distance was 1.1 mm and the discharge length along the 
reactor was 100 mm. The gas temperature at the outlet of the ozonizer was 
measured during the experiments. The measured data was saved every day in a 
computer. All experiments were carried out at atmospheric pressure in oxygen at 
around room temperature (15 ~ 30 ºC). The current and voltage signals were 
processed by a digitizing oscilloscope Tektronix TDS 520A (2 channels,  
500 MHz, 500 MS/s) and the voltage at the reactor was measured by a high 
voltage probe Tektronix P6015A. The ozone concentration was measured by the 
Ozone Monitor (EBARA JITSUGYO CO., Ltd: Type EG-500, measured range 
Mass flow 
controller 
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0-100 [g/Nm3]. The cooling system is very important because the temperature 
increase decomposes the produced ozone.  
 
4.3 ROTATING EFFECT DURING EXPERIMENTS 
 
Discharge gap voltage V changed from 3.5 kV (with no rotation) to 3.7 kV (at 
800 rpm) via 3.6 kV (at 200 rpm) and 3.65 kV (at 600 rpm).  
 
 
 
Fig. 4.2 Measured voltage and current waveforms with no rotation in oxygen 
Applied voltage: 10 kV, oxygen flow rate: 1 l/min. Ch1: horizontal: 2kV/div. 
Ch2: vertical: 5x10-3µC/div, time: t= 10µs 
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It was found that both the input power and discharge area became larger because 
the discharge canals became long due to the rotating electrode.  
On the other hand, the light intensity of the discharge area became more 
intensive and the ozone concentration increased with rotation (rotating speed is 
200 rpm). During the experiments, the light intensity of the discharge density and 
ozone concentration grew up.  
 
 
4.4 LONG OPERATION TIME - RESULTS 
 
This experiment was carried out for eight hours each day. During the 
experiment, a computer was used to save our data. The 99.5 % oxygen was used. 
Its flow was regulated by a digital mass flow controller at 0.5 l/min. The applied 
voltage was set at 9.5 kV. A cooling water system was used. The rotation speed 
was constant during these experiments at 600 rpm and the copper rotating 
electrode coated by gold was used. The ozone concentration gradually decreased 
with experimental time. The outlet gas temperature of the ozonizer increased 
with time as shown in Figure 4.3 The ozone concentration was kept near same 
level (i.e. it means no fluctuation) during experiments with the new electrode. 
The same continued for a few days and next, the characteristic of ozone 
concentration with time changed dramatically. The fluctuation of the ozone 
concentration changed between 7 – 0 g/m3 was observed as shown in Figure 4.4 
These situations were also observed for a few days and when the nitrogen of the 
1.1 1.1 
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electrode surface might decrease dramatically the ozone production was stopped. 
After the zero ozone concentration was kept about one hour and 10% nitrogen 
was added as shown in Figure 4.5  
 
 
Fig. 4.3 The ozone concentration vs. time in oxygen with no rotation (New 
copper coated by gold electrode (0rpm)) 
 
In a few seconds after mixing, the ozone concentration recovered. After 30 
seconds the ozone was generated as shown in Figure 4.6 at about six and half 
hours the ozone concentration of 15 g/m3 was measured. The ozone 
concentration stabilized more compared with the data obtained previous days.  
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Fig. 4.4 Ozone concentration vs. time characteristics in oxygen (0rpm) after a 
few days operation with a new electrode 
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Fig. 4.5 Ozone zero phenomena appeared and the effect of nitrogen addition at 
600 rpm 
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Fig. 4.6 Expanded time scale for the 10 % nitrogen addition at 600 rpm operation 
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During the experiments the outlet gas temperature did not increased so much 
(about 5 degrees C form 28ºC to 33ºC). Figures 4.7 (a) and (b) show the 
Lissajous figures. The Figure 4.7 (a) was obtained when the ozone zero 
phenomena appeared and the area of the Lissajoues figure was almost similar 
with Figure 4.7 (b) in witch the amount of ozone of 15 g/m3 was produced.  
Using the rotation type electrode we could observe the ozone zero phenomena 
faster compared with the case of no rotation because during rotation it looked the 
discharge region an lagged on the electrode surface and nitrogen consumption 
absorbed on it was even. Without rotation this process is needed for a long time 
because the discharge is rather static and nitrogen diffusion from different parts 
very slowly. 
 
Fig. 4.7 (a)  Lissajous figure during zero ozone production in oxygen. Ch1: 
horizontal: 5kV/div. Ch2: vertical: 5x10-3µC/div, (600 rpm), 10kV. The copper 
electrode coated by gold was used. 
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Fig. 4.7 (b)  Lissajous figure after mixing the nitrogen gas (ozone concentration 
of 15 g/Nm3). Ch1: horizontal: 5kV/div. Ch2: vertical: 5x10-3µC/div, (at 600 
rpm), 10kV. 
 
Figure 4.8 shows the data at 600 rpm. After 15 minutes the ozone concentration 
decreased from 4 g/m3 to 0 g/m3. It’s phenomena seemed due to the decreasing of 
absorbed nitrogen (or nitrogen oxide) on the electrode surface. We kept the same 
parameters or condition about 30 minutes and added the 10 % nitrogen. The 
ozone concentration increased up to 16 g/m3 and was kept to be near this level. 
Stopping the mixing the ozone concentration again increased up to about  
24 g/m3. Addition of 10 % nitrogen seemed to be too much and in the gaseous 
space the oxygen radicals decreased by nitrogen. The ozone concentration after 
mixing of nitrogen gas was about 6 times higher compared with the initial 
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amount of ozone measured at the start of the experiment. The nitrogen gas was 
mixed 10 minutes.  
 
 
 
 
 
 
 
 
 
Fig. 4.8 A 10 % nitrogen addition during 600 rpm operation (copper electrode 
covered by gold was used), 10 kV 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.9 Expanded the time scale of Fig. 4.8 and the V- 10 kV, copper electrode 
covered by gold was used) addition 5 % nitrogen without rotation 
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Figure 4.9 shows the expanded the time scale of Fig. 4.8 and enclosed dashed 
line in the same was shown by an enclosed solid line in Figure 4.9 the 10% 
nitrogen was added at 600 rpm.  
 
 
 
 
 
 
 
 
 
 
Fig.4.10 Change of ozone concentration with time for a 5% nitrogen addition 
after ozone zero phenomena appeared (without rotation), 10 kV, copper electrode 
covered by gold was used 
 
Figure 4.10 shows the effect of a 5 % nitrogen addition on the ozone 
concentration after ozone concentration decreases to zero ozone phenomena 
appeared. This experiment was carried out without rotation. We observed the 
same phenomena mentioned above. Mixing the gases, the ozone production 
recovered and its concentration increased up to about 6 g/m3 at first. This 
experiment shows the difference demand of nitrogen with and without rotation 
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electrode. With rotation electrode nitrogen consumption increased about twice 
compared with no rotation.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.11 Ozone concentration vs. time (without rotation and time scale is 
expanded for the addition of 5 % nitrogen  
 
During mixing gas the ozone concentration was kept near 6 g/m3 as shown in 
figure 4.11. According to our experiments nitrogen works well but it must be 
mixed with right proportions. Figure 4.12 shows the data obtained during 
experiment without rotation. After the ozone concentration decreased to zero we 
waited about 30 minutes and 1 % nitrogen was added to the supply gas. Gases 
were mixed and supplied the nitrogen for 2 minutes and we observed the ozone 
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concentration gradually increased. After one hour the procedure was repeated 
and the ozone concentration again increased gradually.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.12 1 % Nitrogen addition on ozone concentration (without rotation) 
 
At seems that very important parameter during the ozone generation is the 
electrode surface condition and nitrogen density at the absorb layer on it even 
though so fast we have no clear evidence to explain the reasons quantitatively. 
 
 
 
 
0
1
2
3
4
5
6
6 6,5 7 7,5 8
Time (H)
O
3 
c
o
n
c
e
n
tr
a
tio
n
 
(g
/m
3)
.
.
.
.
.
.
.
.
 
Ozone 
 
 
 
 
 
 
1% Nitrogen 
     Injection 
O
zo
n
e 
co
n
ce
n
tr
at
io
n
 
(g/
N
m
3 ) 
1% Nitrogen 
     Injection 
 
 82 
During long time operation we observed the increasing onset voltage day by 
day for the same condition as shown in Fig. 4.15 It might be  decreasing the 
nitrogen density in the absorbed layer on the surface electrode although the direct 
evidence to explain this so far mentioned above.  
 
 
 
 
 
 
 
 
 
 
Fig.4.15Onset voltage (9.5 kV, copper electrode covered by gold) vs. time for 
long operation time in oxygen 
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4.5 INCREASING OF CAPACTANCE WITH ROTATING 
SPEED 
 
When the rotating speed rises, the input power increases with rotating speed 
as shown in Figure 4.16. Figures of Lissajous show the relationship between the 
rotating speed and the discharge power with. During this experiment the gas flow 
rate was 0.5 l/min and the applied voltage was constant to be 10 kV (peak – to – 
peak).   
 
Fig.4.16 Lissajous figure vs. rotating speed in oxygen. Ch1: horizontal 2kV/div. 
Ch2: vertical 5x10-3µC/div, 10 kV peak – to – peak, oxygen flow rate 0.5 l/min 
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Fig.4.17  Lissajous figures and two lines showing changes in capacitance. The 
slopes of lines “a” and “b” show capacitances of discharge gap and dielectrics 
connected in series, and only the dielectrics at 10 kV, oxygen flow rate 0.5 l/min, 
respectively. 
 
We calculated the input power to be 4.59 W (0 rpm), 5.5 W (200 rpm),  
6.56 W (600 rpm) and 6.73 W (800 rpm). The increase of about 20 % at the 
rotating speed of 200 rpm and about 47 % increase at 800 rpm were measured. 
We observed how the capacitance was changed during the increasing rotating 
speed. Figure 4.17 shows the Lissajoues figure including the non discharge phase 
and discharge phase and figure 4.18 shown the change of capacitance with the 
rotating speed. We calculated two kinds of capacitances which indicated the 
capacitance consisted of the dielectric’s capacitance plus the gaseous space 
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capacitance they are connected in series. The lager angle shows the capacitance 
when the dielectrics of the gap is discharging. It was not matched well initially 
but gradually closed to the dielectric capacitance when the inner metal electrode 
increased its speed of rotation. The capacitance increased about 51 % at 800 rpm 
compared with no rotation. This result is shown in the figure 4.18 
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Fig.4.18 The change of capacitances with rotating speed (V = 10 kV, oxygen 
flow rate 0.5 l/min) 
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4.6 SUMMARY 
We observed the ozone zero phenomena and the input power were almost 
same but the ozone concentration was very different.  
Long time operation ozonizer with rotating type of electrode shows a new 
phenomenon. During long time operation, the density of nitrogen on the 
electrode surface could influence for this phenomena and the ozone 
concentration became unstable. Demand of nitrogen increased about twice with 
rotation.  Different ozone generation characteristics were observed with the same 
input power. There might be some relationship between the electrode surface 
condition such as the absorbed nitrogen and the onset voltage. This point is 
required more detail experiments and cessions. One of very important parameters 
for the ozone generation is the surface condition. Other phenomena are presented 
in this chapter, one of than it is the increasing capacitance of the reactor during 
the increasing rotating speed. The capacitance of the reactor increased about 51 
% compared with no rotation and the efficiency increased about 48 % with 
rotation compared with no rotation.  
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CHAPTER 5: A STUDY OF THE OZONE 
PRODUCTION KEEPING A HIGH 
EFFICIENCY IN OXYGEN  
 
 
5.1 INTRODUCTION 
 
An this both chapter the different reactor (with an expanded mesh electrode) 
and its different characteristics off the ozone production are presented. We 
studied about the characteristics of the dielectric barrier discharge (DBD) type 
ozonizer and the effect of the addition of water vapor or nitrogen in a short 
period of time. After the addition of water vapor or nitrogen, the ozone 
concentration increased to the higher value than previous (before addition) level. 
Using this system, we were able to keep a high efficiency in the ozone 
production. Using the van’t Hoff Formula, we calculated the enthalpy change for 
ozone generation. The ozone concentration at the constant temperature was 
calculated comparing with the different materials.  
The ozone has been applied to improve the human environment, such as 
keeping with water and air high quality. Many researchers have tried to increase 
the efficiency of ozone production [g/kWh], the concentration of ozone [g/Nm3], 
and productivity of ozone [g/hour] using different types of reactors. The 
important parameters relating to the efficiency of ozone production have been 
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studied about the effective configurations of electrodes, dielectric materials, 
applied voltage waveform, and the cooling system for electrodes. On the other 
hand, recently a research has been done to focusing on the reaction with different 
electrode material for ozone production [1, 2]. In this experiment, the ozone 
concentration was improved by the addition system of water vapor or the system 
of changing the supplying gas from oxygen to nitrogen in a short period of time.  
 
 
5.2 MEASUREMENT EQUIPMENTS AND PROCEDURES 
 
Our apparatus consisted of the ozone generator (made by Lesca Co.) which 
included a nickel expanded mesh electrode witch was put between ceramic 
dielectrics as shown in Fig. 5.2. The thickness of the ceramics as a dielectric 
material was 1mm. The ozone concentration was measured by ozone monitor. 
The Gas flow rate was regulated by the digital mass flow controller (Yamatake 
Corporation, CMQ-V) with range of 0.1 - 2 Nl/min. The measured data was 
saving for eight hours each day in a computer. The efficiency of the ozone 
production was calculated by the flow rate, the ozone concentration, and the 
input power of the electrical circuit. Our apparatus are shown in figure 5.1, 5.2 
and 5.3.  
We used an ozone generator with two ceramic’s dielectrics and an expanded 
mesh nickel electrode as shown figure 5.4 The produced ozone is about  
10 [g/hour] at the total input power of 100 [W].  The every experiment was lasted 
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for 8 hours each day. During the initial 5 hours, we had kept all parameters in the 
same condition. The ozone concentration gradually decreased when the water 
temperature rose. After 5 hours, we added water vapor for one minute at one 
hour interval twice. In other case, after 5 hours, we changed supplying gas from 
oxygen to nitrogen for one minute at one hour interval twice.  
      
 
 
       
 
 
 
 
 
Fig.5.2 Schematic diagram of a new reactor with an expanded metal electrode 
H2O 
Fig.5.1 Equipment used in the case of the addition of water vapor 
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     (b) 
Fig.5.4 Cross section of the reactor (a) and expanded mesh electrode (b)  
1.55 mm 
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Fig.5.3 Equipment used in the case of the nitrogen (gas changing part) 
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5.3 RESULTS AND DISCUSSION 
 
The every experiment was lasted for 8 hours each day. The total input power 
was set to be 100 [W]. The reactor had been operated for several months (8 hours 
each day). 
After the process mentioned above finished operation, the ozone 
concentration gradually decreased during 5 hours as shown in Figs. 5.5 and 5.6.  
After five hours, we added water vapor or changed the supplying gas from 
oxygen to nitrogen in a short period time. The ozone concentration quickly 
decreased to zero. Then the ozone concentration increased more than pervious 
level. One hour later, we repeated same procedure. The original data are shown 
in Figs. 5.5 and 5.6. We were able to observe the increase of the ozone 
concentration more than 30 [g/Nm3]. Although there was no influence of water 
vapor addition the temperature increase, the temperature changed from 22.5 ºC to 
36.9 ºC during the experiment. In the case of nitrogen addition, the temperature 
changed from 23.1 ºC to 35.2 ºC as shown in Figs. 5.5 and 5.6. For comparing 
the characteristics the ozone concentration, we calculated the ozone 
concentration at the constant temperature. For these processes, the van’t Hoff 
Formula, which was shown in equation (1), was used for calculating the ozone 
concentration at 30 ºC constant [3].  
CRTHKe +∆−= )/(][log                  (1) 
where, K  is the ozone concentration and the is T (K) absolute temperature, R and 
C are constant. 
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We converted the measured ozone concentrations into the concentration at the 
constant temperature (30 ºC) using the enthalpy change which obtained 
experimentally. According to the equation the measured data were plotted in the 
axes of ln[O3] and 1/T. The enthalpy change was calculated by the most suitable 
slope as shown in Figs. 5.7 and 5.8.  
The ozone concentration was calculated at constant temperature 30 ºC. Figure 
5.9 shows the changes of the concentration of ozone in the case of addition of 
water vapor at 30 ºC constant. In the first period of the addition of water vapor, 
the concentration of ozone increased from 85 to 128 [g/Nm3]. We assumed that 
water vapor was absorbed on the surface of the electrodes and affected to 
increase efficiency of ozone production. However, while the next period of the 
addition of water vapor, the concentration of ozone did not increase more than 
the previous one. It only increased from 102 to 122 [g/Nm3]. When we added the 
water vapor at the next period of the addition , there was excess of humidity on 
the surface of the electrode. The concentration of ozone increased about  
43 [g/Nm3] during the first period of the addition. Then the concentration of 
ozone decreased gradually. During one hour, the concentration of ozone 
decreased about 26 [g/Nm3].  
All parameters were same during the second case of experiment. The nitrogen 
was supplied twice instead of water vapor. The ozone concentration for eight 
hours operation at the constant temperature of 30 ºC is shown in Fig. 5.10 When 
the nitrogen was supplied, the concentration of ozone decreased quickly and then 
quickly increased from 82 to 123 [g/Nm3].  In the period of one hour, the ozone 
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concentration decreased about 33 [g/Nm3]. In the second period of supplying of 
nitrogen, the ozone concentration increased near same level of 127 [g/Nm3]. The 
concentration of ozone increased to the high level when nitrogen was supplied 
again. We assumed that the surface of electrode absorbed the more nitrogen 
when nitrogen was supplied.  
 Difference between water vapor and nitrogen is shown in figure 5.11.  
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Fig. 5.5 Original Data (water vapor) 
Fig.5.6 Original Data (nitrogen) 
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Fig. 5.9 Ozone concentration at constant temperature of 30ºC vs. operation time 
(nitrogen addition)  
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Fig. 5.10 Ozone concentration at constant temperature of 30ºC vs. operation time 
(water vapor addition) 
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5.4 SUMMARY 
  
During these experiments the expanded mesh electrode was used. We 
observed different characteristics in the ozone production during our 
experiments. The adsorbed water vapor or nitrogen on the surface of the 
electrode seemed to influence on the increase of the ozone production. Excess 
water vapor addition decreased the efficiency of the ozone production. We 
assumed that one of the important parameters in the ozone generator was the 
surface condition of electrode and density of nitrogen on the adsorbed layer.  
 
Fig. 5.11 Ozone concentration vs. operation time for water vapor addition and 
nitrogen addition 
 97 
CHAPTER 6: CONCLUSION 
 
 
In this work the ozone generation characteristics using ozonizer with rotation 
type electrodes was presented. I am trying explaining why the operation with 
rotating electrode increases the ozone concentration. What phenomena do the 
increasing of the ozone concentration decide? How can we improve the ozone 
generation efficiency? The ozone generation a characteristic concerning the 
different electrode materials and the long time operation was presented too.  
When we understand the phenomena of the processes we of ozone generation can 
control them and can keep the situation with high ozone concentration using for 
example a mixing gas of nitrogen.  
 
In chapter 1, the ozone generation, dielectric barrier discharge, feed gas 
preparation, about previous researches using rotating electrode and the new 
points found in this experiment using a rotating electrode were described.  
 
In chapter 2, the ozonizer using a rotating electrode to improve the ozone 
production characteristics was described. The ozone concentration increased 
about two times lager compared with the case of no rotation and the input power 
increased with the rotating speed and discharge area grew. The discharge length 
of canal during the rotation of electrode in creased. In case of rotating electrode 
used for the ozonizer, a difference phenomenon such as the increasing of 
discharge area was observed. 
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In chapter 3, the effect of the different electrode material on the ozone 
generation was described. The ozone generation characteristics using the gold 
coated rotating electrode were shown in this chapter. According these 
experiments the important parameter is material of the electrode and its surface 
condition. A material like gold coated electrode works better for preventing from 
oxidation by discharge. Other phenomenon such as decreasing the onset voltage 
with a rotating electrode was presented.  
 
In chapter 4, a long time operation of ozonizer with a rotating type electrode 
and nitrogen demand effect were described. Different demand of nitrogen with 
and without rotation is shown in this chapter. The ozone concentration became 
unstable during long time operation. Although the input power was same but the 
ozone concentration decreased to zero. The capacitance of the reactor increased 
with the rotation speed, and it increased about 50% compared with no rotation.  
 
In chapter 5, different characteristics in the ozone production during our 
experiments is presented. During this experiment expanded mesh electrode was 
used. The adsorbed water vapor or nitrogen on the surface of the electrode 
affected to increase in ozone production. Excess water vapor decreased the 
efficiency of the ozone producing. The density of nitrogen on the surface of 
electrode had decreased while getting the electrical discharge. We assumed that 
the very important parameter in the ozone generator was the surface condition of 
electrode and density of nitrogen on the adsorbed layer.  
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